One of the most efficient methods for Ultra High Vacuum (UHV) measurement is the use of hot-filament ionization gauge which has been employed for several decades and can quantify pressures up to 〖10〗^(-12) torr. Large volume and high-power consumption are main drawbacks of this gauge. In this paper, a MEMS type ionization vacuum gauge has been introduced which occupies a volume of 3mm×1.5mm×1.5mm and is manufacturable with micromachines technology. Also, it operates based on gas ionization. In addition of low volume, the proposed structure has the advantages of low power consumption, low price and fast response time. With the help of COMSOL and MATLAB, a method has been proposed which helps us to obtain average length of movement for electron 1, average energy of the electrons, electron speed, elastic and ionization collision frequency and sensitivity coefficient S. Simulation results have been compared with theoretical analytic results in which there is good conformity between these results. Also, by means of the presented method in this article, the physical characteristics of the gauge can be optimized to achieve better performance. For the proposed scheme by introducing the magnetic field as the novel idea, the sensitivity coefficient has been enhanced up to 60% in comparison with similar structures.
INTRODUCTION
Two common methods which can quantify the vacancy of a gas at the range of 〖10〗^(-12)-〖10〗^(-3) torr are hot-filament ionization vacuum gauge and cold cathode ionization gauge [1, 2] . Their main drawbacks are big size (e.g. 12mm diameter and 46mm length) and high-power dissipation (e.g. 50W) [2, 3] . Many efforts have been carried out for miniaturization of cold cathode ionization gauge by MKS and other companies [4] . For the hot cathode ionization gauge a volume reduction of 5% along with measurement capability of 3×〖10〗^(-10) torr with 20torr^(-1) sensitivity coefficient has been achieved [5, 6] .
Hot-filament ionization vacuum gauge works based on gas ionization and because of its inventors in known as Bayard-Alpert vacuum gauge. It is being used for several decades and can measure at the range of 〖10〗^(-13)-〖10〗^(-2) torr [3] .
The article is followed by the discussion about the conventional ionization gauge in section 2 which is the old Bayard-Alpert gauge, because the same principles have been employed for the implementation of micromahine ionization gauge. In section 3 the structure of micromachine ionization gauge which has small dimensions will be introduced. The simulation results of designed micromachine gauge without applying the magnetic field and then, at the presence of magnetic field have been illustrated in section 4 and 5, respectively. For each level, a procedure will be presented in which the dimensions and distances can be modified so that a better performance for the ionization gauge can be achieved. Section 6 pertains to the details provided for simulated ionization process and its utilization in micromachine ionization gauge for sensitivity coefficient calculation. In addition of the provided simulations, the necessary theoretic assumptions at each stage will be presented so that the reader can obtain a better verification of the performed simulations.
THE BAYARD-ALPERT IONIZATION GAUGE
The operation of this gauge is based on the fact that a cylindrical ionization environment is formed by means of narrow wires known as the grid or anode. In the middle of this cylinder the narrower wire of collector has been located. According to Figure 1 , very close to anode grid in outside area the cathode filament has been placed. The cathode is composed of Tungsten filament coated with Thorium dioxide in which by means of the passing current through the filament, it will be heated and based on thermionic phenomenon, the free electrons will be generated on its around. The cathode wire current which supports the free electrons is denoted by I e . Because of +180V potential voltage of the anode and electrostatic attraction, these electrons will be accelerated towards the grid and with a high speed equal to 10 5 V S will enter to the ionization environment. After entering to the anode network, they will collide to the gas atoms making them ionized. In exchange for each ionized gas atom, a positive ion and an electron will be created in which the positive ion will tend towards the most negative potential (0V) of the collector wire. The accumulated positive ions will then produce the collector current I c which is proportional to the number of generated positive ions under the effect of gas ionization while the ionization itself is a function of gas pressure. Therefore, the collector current is an illustrator of environment gas pressure or the gas vacancy. Hence, the lower the gas pressure will result in the fewer gas atoms and smaller value for ionization. Equation (1) describes the formula for calculation of I c [7] . Ic = S. Sr. Ie. P
In (1), P describes the gas pressure in torr while the Sr coefficient relates to the gas which is under measure. For Nitrogen the value is equal to 1 while for the other gases, the ratio of ionization cross section of the gas to that of obtained for Nitrogen, results in the corresponding value. For example, if the measuring gas is oxygen, then Sr =
and the nominal values are available in special tables [8, 9, 10] .
The coefficient S contains a value that indicates the sensitivity of ionization gauge which is dependent to electrical, geometrical and physical dimensions. This parameter is determined by manufacturer and is of high importance degree for the gauge. The higher the value of this parameter, the lower power consumption for cathode heating is expected. Also, the corresponding value of I c will be higher which solves its quantifying problem. 2) expresses the sensitivity in 1/torr where for conventional hot-filament ionization gauge, S ranges from 10 to 45 and is dependent to the physical characteristics of the gauge [3] .
According to (2), the sensitivity is in direct relationship with effective length (l) of electron motion paths inside the anode network which lead to the ionization process and as the size of gauge enlarges, the value of sensitivity coefficient grows. As a result, it must be considered that although any dimension reduction would bring some benefits for the designer, the decrement of sensitivity coefficient must also be considered and there always exist a trade-off among different parameters. σ i represents the ionization cross section because of being a function of electron energy, does not have a constant value.
THE PROPOSED STRUCTURE FOR MICROMACHINE IOIZATION GAUGE
In this section, the hot-filament ionization gauge which is designed in very small size using micromachine technology will be analyzed and simulated. The Charged Particle Tracing (CPT) simulation in COMSOL for emulation of ionization process of proposed gauge has been employed although the electric field simulation is also necessary. The calculations for average length and average energy of electron movements have been carried out by MATLAB. Figure 2 illustrates general schematic of micromachine ionization gauge in which the dimensions are 3mm×1.5mm×1.5mm. The parallel rectangles constitute the anode network (grid) while two narrow wires of collector have the responsibility of gathering positive ions. The wires on both sides form the hot-filament cathode and generate the electrons. It must be mentioned that the potentials for cathode filament, anode network and collector are also specified in this figure.
For the former case of Figure 2 , the cathode wires have been located at the center of grid's vertical column so that the motion path for the electrons can be maximized. But at the presence of magnetic field, because the 
SIMULATION OF MICROMACHINE IONIZATION GAUGE WITHOUT MAGNETIC FIELD
The CPT simulation of COMSOL provides the possibility for an analysis of motions of charged particles like electrons and ions in an environment. Also, the simulations for elastic collision processes, ionization collision and the collisions leading to the stimulation are available in CPT simulation. Therefore, the movements of the accelerated electrons which are going out of the cathode and have any possibility of encounter to the gas atoms can be observed and analyzed. In this situation analysis, the speed and energy for electrons and positive ions is achievable at any time.
For better checking of micromachine ionization gauge performance and to obtain the optimum dimensions and distances and also evaluating the effect of magnetic field on its behavior, ionization process along with elastic and stimulation collisions have been disabled in the software and the concentration was on the average motion distance of the electrons l and average energy of the electrons. As it is clear from (2), for higher sensitivity coefficient the corresponding values for l and σ must be maximum and as diagram of Figure 3 illustrates, the value of σ at the specific energy of electron will reach to its upper bound. According to Figure 3 which is the ionization energy of Nitrogen, it is clear that the energy maximum value occurs in 120eV. Therefore, the potentials for anode and cathode will be set to 180V and 30V, respectively so that the initial energy for electron acceleration would be 150eV to let the electrons entering the ionization environment containing an average energy of 120eV along their path.
Because of electrostatic force initiating from 150V potential difference, the electrons will accelerate with the help of 150eV energy and in the distance between cathode to the anode, their speed will reach to V e value. In order to obtain V e , the potential and kinetic energies must be considered equal in (3) .
The speed of electron is much smaller than propagation speed. Hence, in (3) the electron mass m e is considered equal to the initial mass m 0 when the electron is quiet. Considering E elec = 150eV and m e = m 0 = 9.109×10 −31 , in (3) the electron speed at the end of cathode-grid path will be V = 7.25×10 6 meters per seconds. In a simulation by COMSOL, the motion path of 400 electrons is shown in Figure 4 . The electrons exit time from the cathode is 2ns and according to the figure, because of 0V potential and repulsion of collector wires, the electrons got away and changed their path.
In Figure 5(a) , the speed curvature of electrons of Figure 4 has been shown. It can be observed that the speed of electrons when they are going out of the cathode is equal to zero and because of electrostatic force of anode their speed grows to a high value. They enter the anode at t = 0.024ns and after that, their speed remains constant. It must be considered that for some electrons which are getting close to the collector, because of repulsion potential the speed decreases.
To match the theoretical and simulation results, the corresponding speed of the electrons on each time interval were averaged where this mean value is a function of time itself and is shown in Figure 5(b) . It is clear that the electrons contain an ascending speed equal to 5×10 6 m/s at the entrance moment to the anode network. But as mentioned before, their speed drops at first because of collector repulsion potential but after that, the average speed 6 m/s which is very close to the obtained theoretical quantity. The slight difference between theoretical and simulation values pertain to the repulsion potential of collector wire and the structure of anode wires as the electrons pass through the anode wires and the potential difference between cathode and the empty area of anode wires is less than 150V.
In the simulation of electron movements for Figure 4 , there are two important factors for performance analysis. One factor is the average motion distance of the electrons inside the grid (ionization area) and the other one is the average energy of the electrons. The output data obtained from COMSOL have been analyzed by MATLAB in which the average motion distance and the average energy were l = 0.189mm and E av = 93.41eV, respectively. According to (2) the higher value for l is more desired but based on Figure 3 , for E av = 100eV the higher quantity of ionization cross section σ ion can be obtained. As a result, for better interpretation of ionization gauge performance the product of these two parameters (l×σ ion ) will be considered for distance adjustment and dimension selection.
As mentioned before, the distance of cathode to the grid is another important determinative parameter for the performance of the gauge. Therefore, the discussed simulations were repeated for different distances and the corresponding values of l and E av have been calculated. Using the average energy and with the help of related tables from valid references, the ionization cross section was obtained. In Figure 6 , the obtained curve for l×σ ion is demonstrated which shows that for the cathode to anode distance of 20µm, the maximum value occurs. The operations mentioned above, were repeated for several number of grid wires and the corresponding values of l and E av have been obtained. Figure 7 illustrates the curve for l×σ ion which shows that for 11 anode wires the maximum value can be achieved.
As the results indicate, for the best conditions of dimensions and distances, the product of average motion distance and the average energy reaches to the value of 1.655mm×A 2 .
SIMULATION OF MICROMACHINE IONIZATION GAUGE AT THE PRESENCE OF MAGNETIC FIELD
With the presence of magnetic field aligned with Y axis, the Lorentz force will be applied to the motive electrons and makes them travel in a flexuous path inside the anode network. Equation (4) expresses the value of applied force to the electrons at the presence of both electric and magnetic fields [11] . 
In this expression, E indicates the electric field while B, q and v represent the magnetic field intensity, the electron charge and the electron velocity, respectively.
Because of 150V potential difference between cathode and the grid, the electrons under the effect of electrostatic field E x , will accelerate and at the same direction with -X direction will enter the ionization environment. Also, because of magnetic field B x , the Lorentz force affects the electrons vertically and aligned with Z axis making them travel in a flexuous route. This causes the electrons to travel a larger distance which increases l. Hence, the sensitivity will be increased which is favorable. Figure 8 shows the motion path for the electrons at the presence of magnetic field. As it is clear, the magnetic field by deviating the electrons form their normal motion path has increased the path length.
In Figure 8 , any angular deviation for magnetic field directly affects the angular rotation of electron paths and consequently, the length of electron motion paths. Therefore, the intensity of magnetic field must be adjusted for optimum performance of micromachine ionization vacuum gauge. In Figure 9 , the curvature of l×σ ion variations respect to the magnetic field has been shown in which the best value for the proposed gauge occurs at 0.02Tesla.
The cathode situation in the direction of Z axis is also effective on the efficiency of the gauge. Hence, by the variation of cathode position over Z axis a diagram can be obtained which is illustrated in Figure 10 and describes that the best position for the cathode 110µm away from the corner of the anode network.
The simulation results for variations of magnetic field dimensions interpretations of average motion distance and average energy product in Figure 9 and Figure 10 demonstrate that for the best condition l×σ = 2.63mm×A 2 . This illustrates that by exerting the magnetic field the value of l×σ and consequently, the sensitivity coefficient 1.59 times becomes larger which means that 60% enhancement for sensitivity can be achieved.
Figure 8. Simulation of electrons motion path at the presence of magnetic field
This section is followed by adaptation of simulation results and theoretical outcomes. Equation (5) illustrates the centripetal force F c which relates to the electron rotating with radius R, velocity of v and mass of m e while equation (6) expresses the Lorentz force resulting from magnetic force that displaces the electrons orthogonal to the magnetic field orientation [11] .
By merging the centripetal and Lorentz forces from (5) and (6), results in the spiral movement for the electrons that (7) expresses it [11] . The obtained theoretic and simulation results from section 4 demonstrated that the moving speed of the electron inside the grid is about 7×10 6 m/s. Also, according to simulation results obtained in this section, for the magnetic field of 0.02Tesla, the performance of the gauge reaches to its best value. Substituting these two in (7), we will obtain the radius as R = 2mm. Figure 11 illustrates the electrons motion path from the cathode in the right side for a spiral path with the obtained 2mm radius and as it is clear, again the theoretical and simulation results have conformity.
According to Figure 13(b) , the electrons motion path is somehow different from circular curvature which comes from the electrostatic repulsion force of collector wires. Assuming the circular form for the motion path and with the help of mathematical expressions, the simulation results indicate on the radius of 2.18mm. Table 1 illustrates the comparison between simulation results and theoretical calculations. The main difference factors between these results as expressed before were the grid wires as well as the collector wires. As a result, the simulation results are trustable.
IONIZATION SIMULATION
The electrons which have been accelerated due to 150V potential difference between cathode and the anode, will enter the grid with 150eV energy and encounter the gas atoms. This collision is usually of elastic type and leads to the ionization while the probability of excitation collision is very small. Each of these probabilities can be defined by collision cross section or σ. As we know based on Figure 2 , σ is a function of the energy and for different gases [8, 9, 10] . These tables can be imported to the CPT simulation option of COMSOL as table files. Hence, the electron on its motion path due to the environment gas pressure and with the probabilities of σ collision , σ ionization or σ excitation can have elastic, ionization and excitation encounters.
In Figure 12 , the simulation results for limited number of the electrons which have been released from the cathode are shown. The velocity of the electrons at t = 0.3ns is equal to 8×10 6 m/s. The elastic collision which deviates the electrons from their route and the ionization collision which produces a positive ion along with an extra electron are distinguished. The elastic and ionization encounters are easily observable from graphical output data and CPT output information, but the specification of excitation collision needs much more analytics.
Although the produced positive ion is a charged particle but it is much heavier than the electron. Thus, according to Figure 13 , its velocity is smaller than the other charged particles.
With lower speed than the other particles, it will travel in the same direction of electric filed and as a result, its moving direction will be towards the collector. To achieve this, the electric field in the ionization area must be in a way so that the positive ions can travel towards and be attracted by the collector. To ensure this, the arrows of Figure 12 . The elastic and ionization collisions in micromachine ionization gauge Figure 13 . The arrow diagram of electric field in micromachine ionization gauge electric field in Figure 13 are indicating the direction towards the collector. Therefore, the positive ion will always be attracted by the collector.
A theoretic analysis can effectively confirm the accuracy of simulation results. To evaluate the conformity of these results in elastic and ionization collision processes, we must consider the elastic and ionization frequencies. According to the definition, the elastic collision frequency is the number of collision over the time unit and is denoted by v elastic . It is dependent to the density of gas atoms N d , elastic collision cross section σ elastic and the relative velocity of the electrons respect to the gas atoms speed v ′ . On the other hand, according to (9) , v ′ is proportional to the electrons velocity v, electrons mass m p , mass of the atoms m g , relative velocity of the electrons respect to the center of mass reference g, post collision relative velocity g ′ and uniformly distributed random unit vector R [11] .
The considerations for (9) become important when the electron mass is close to the mass of the atom and their speed are somehow equal. But because m p ≪ m g and v ≫ v g , then v can be substituted instead of v ′ [11, 13] .
There are the same relations for ionization collision state which have been illustrated in (10), (11) and (12) . The only difference occurs for the value of g ′ which is a result of energy drop after encounter equal to ∆E. The approximation mentioned for elastic collision is also valid for theoretic expressions of ionization collision.
To calculate the elastic and ionization frequencies, the velocity of gas atoms can be neglected and as obtained in section 4, the electron speed is equal to 7.25×10 6 m/s. Also, it must be considered that the elastic and ionization cross sections are not constant. In Figure 14 , the curvature of σ elastic and σ ionization for Nitrogen have been drawn which are functions of the energy. To analyze, one can say that according to the potential difference between cathode and grid which is equal to 120V, the energy of electrons will be 120eV. Therefore, σ elastic and σ ionization must be extracted for 120eV energy in Figure 14 . The elastic and ionization frequencies can be obtained by calculation of N d for a certain pressure of gas (for example 10 −5 torr) in which the values have been recorded in Table 2 .
The corresponding values for v elastic and v ionization based on simulation results, can be obtained by analysis of COMSOL output data using MATLAB. These values were also recorded in Table 2 and show good conformity with theoretical results.
SENSITIVITY COEFFICIENT OF MICROMACHINE IONIAZTION GAUGE
With the help of ionization simulation by COMSOL and by counting the accumulated ions in collector, the sensitivity coefficient can be calculated for different pressures. In Figure 15 , the diagram for number and collection time of positive ions has been illustrated. Because of higher mass in comparison with the electrons, the corresponding velocity is lower for the ions and as a result, their accumulation time is much more of that for the propagation of the electrons. To obtain the sensitivity coefficient by COMSOL, (13) is used. In this expression, the generated ions under a certain vacuum pressure which have been accumulated by collector wires are counted and then, by dividing this value to the number of transmitted electrons by the cathodes, the sensitivity coefficient with the dimension of 1/torr will be resulted.
S =
number of collected ion number of trajected electron × 1 P torr −1 (13) In the diagram of Figure 16 , the sensitivity coefficient of proposed ionization vacuum gauge at the presence of 0.02Tesla magnetic field has been demonstrated for several vacuum pressures. As it is clear, the sensitivity coefficient on the measurement interval of 10 −2 torr to 5×10 −4 torr has a value of 2.5torr −1 which shows a 60% enhancement in comparison with absence of the magnetic field. 
CONCLUSIONS
In this paper design, simulation and analysis of a hot-filament ionization vacuum gauge with micromachine technology has been discussed which is 1000 times smaller than the conventional gauge. All aspects of an ionization vacuum gauge from the viewpoint of electron velocity, electron energy and average motion path of the electrons inside the ionization area by COMSOL and MATLAB simulations have been covered for an optimum design. Accordingly, dimensions and distances of the proposed scheme from cathode wires and cathode-grid distance to cathode wire position and other specifications have been chosen carefully to achieve the highest possible value for sensitivity coefficient.
With the help of a specific scheme which was the utilization of the cathode in sideways of the grid and by employing the magnetic field, the electron motion paths turned into cyclotrons which showed a 60% enhancement for traveling route increment. The corresponding magnetic field intensity for this purpose was 0.02Tesla.
At the presence of magnetic field, the sensitivity coefficient of proposed scheme shows an average value of 2.5torr −1 for different vacuum pressures which is a reasonable value in comparison with 20torr −1 sensitivity coefficient of the conventional type.
In addition of the simulations, the theoretic analytics for some parameters have been performed in this paper to prove the conformity of simulation results and theoretic assumptions.
